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ABSTRACT
We explore the non-linear, high-frequency, aperiodic variability properties in the three
cataclysmic variables MV Lyr, KIC 8751494 and V1504 Cyg observed with Kepler,
as well as the X-ray binary Cyg X-1 observed with RXTE. This is done through the
use of a high-order Fourier statistic called the bispectrum and its related biphase and
bicoherence, as well as the time-skewness statistic. We show how all objects display
qualitatively similar biphase trends. In particular all biphase amplitudes are found to
be smaller than pi/2, suggesting that the flux distributions for all sources are posi-
tively skewed on all observed timescales, consistent with the log-normal distributions
expected from the fluctuating accretion disk model. We also find that for all objects the
biphases are positive at frequencies where the corresponding power spectral densities
display their high frequency break. This suggests that the noise-like flaring observed
is rising more slowly than it is falling, and thus not time-reversible. This observation
is also consistent with the fluctuating accretion disk model. Furthermore, we observe
the same qualitative biphase trends in all four objects, where the biphases display
a distinct decrease at frequencies below the high-frequency break in their respective
power spectral densities. This behaviour can also be observed in the time-skewness of
all four objects. As far as we are aware, there is no immediate explanation for the ob-
served biphase decreases. The biphase decreases may thus suggest that the fluctuating
accretion disk model begins to break down at frequencies below the high frequency
break.
Key words: accretion, accretion discs - binaries: close - cataclysmic variables -
X-rays: binaries - stars: individual: MV Lyr, V1504 Cyg, KIC 8751494 - X-rays: indi-
vidual: Cyg X-1
1 INTRODUCTION
Aperiodic broad-band variability (including flickering) is ob-
served throughout all classes of accreting compact objects:
in X-ray binaries (XRBs, where the accretor is either a neu-
tron star or a stellar-mass black hole), in Active Galactic
Nuclei (AGN, where the accretor is a super-massive black
hole), as well as in cataclysmic variables (CVs, where the
accretor is a white dwarf). In general, most of the radiation
produced by the accretion process is emitted through the re-
lease of gravitational potential energy (possibly excluding jet
emission in low hard states of XRBs and classical nova out-
burst in CVs). In the case of accreting black holes (BHs) and
neutron stars (NSs) the bulk of the emission takes the form
? E-mail: simo@mpe.mpg.de
of X-rays, whilst for accreting white dwarfs (WDs) most of
the emission takes the form of optical/ultraviolet radiation.
Because the size scales of white dwarfs (which are ≈ 3 or-
ders of magnitude larger than NSs or BH event horizons for
a similar mass) enforce larger characteristic radii on their
accretion disks than for the disks around stellar mass BHs
and NSs, they have cooler inner flows. For the same reason,
they also have longer characteristic timescales of variability
(thermal, viscous and dynamical).
Previous studies of the aperiodic variability properties
of accreting compact objects have shown how these systems
all display similar power spectral densities (PSDs), which are
well described by a combination of Lorentzians. In the case
of XRBs the PSDs have high frequency breaks at around
0.1 − 1Hz (Nolan et al. 1981; van der Klis 1995; Belloni
et al. 2000), whilst similar PSD breaks in AGN are found at
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≈ 10−3Hz (McHardy et al. 2007). Furthermore, the PSDs of
CVs also show similar shapes, with high frequency breaks
also occurring at ≈ 10−3Hz (Scaringi et al. 2012a,2012b).
This similar phenomenology between all accreting compact
objects might suggest a single origin for the aperiodic vari-
ability observed in the PSDs.
Up until now one of the main tools employed to study
time series in astronomy in general, and variability in com-
pact accreting sources in particular, has been the amplitude
of the Fourier transform, with very little emphasis on the
phases. For periodic signals the magnitude alone can already
yield a lot of information, especially when multiple periodic-
ities or quasi-periodic oscillations (QPOs) are present in the
data (see eg. Wijnands & van der Klis 1999; Warner et al.
2003), but also for studying broad-band aperiodic noise (Heil
et al. 2014). The phases of the Fourier transforms will also
contain a wealth of information, which can be entirely com-
plementary to the information contained in the magnitudes.
One example is studying and understanding the phase dif-
ference between two simultaneously observed lightcurves in
two distinct X-ray energy bands (Nowak et al. 1999; Uttley
et al. 2011; Cassatella et al. 2012), or at two distinct opti-
cal wavelength ranges (Scaringi et al. 2013). The observed
phase-lags between two lightcurves can be easily understood
in terms of time-lags, and in the case of AGN and XRBs it
can immediately be used to place constraints on the light-
travel time between two different emitting regions. Optical
reverberation mapping is also used to study the time-lags
between emission lines versus continuum, and supports the
idea of light travel time between an emitting and a repro-
cessing region as the source for the lags (Blandford & McKee
1982; Gaskell 1988). More recently attempts have also been
made to study the non-linear coupling between two different
frequencies in XRBs by looking at the bispectrum, and its
related phases (Maccarone & Coppi 2002; Maccarone et al.
2011; Maccarone 2013).
One of the main reasons why the phase information has
not been exploited as much as the magnitudes is because it
requires a large number of high quality independent mea-
sures of the Fourier spectrum (or some equivalent alterna-
tive). For studying XRBs, this has been achieved through
the use of long observations with X-ray dedicated space-
based missions such as RXTE, XMM-Newton or Chandra,
together with the relatively short intrinsic timescales of the
systems (van der Klis 1995 for a review). For CVs how-
ever this task requires much longer observations at optical
wavelengths, which have to be quasi-continuous, with very
little to no gaps in the time series. This is mainly due to
the intrinsic timescales of CVs being three orders of magni-
tude slower in temporal frequency than XRBs. Such data is
now becoming available thanks to the dedicated Kepler op-
tical timing mission, which allows observations of targets for
many consecutive months on same cadence with very few in-
terruptions, thereby providing the requisite evenly sampled
data.
Throughout all of the aperiodic variability studies of
AGN, XRBS and CVs over the last few years, one general
picture has emerged, with the potential of describing all the
observations across all systems. This is the fluctuating accre-
tion disk model (Lyubarskii 1997; Kotov et al. 2001; Are´valo
& Uttley 2006), which associates the observed variability to
mass transfer rate fluctuations within the accretion disk.
Each annulus in the disk produces its own aperiodic sig-
nature governed by the local viscous timescale, which in-
creases in frequency towards the inner-most regions of the
disk. As matter propagates inwards in the disk, the fluc-
tuations which started further out in the disk couple, mul-
tiplicativley, with those generated further in. By the time
the fluctuations reach the central emitting region they es-
sentially contain information relating to the mass transfer
rate fluctuations across most of the disk. One key ingredi-
ent of the fluctuating accretion model is that the accretion
disk needs to possess a large scale height in order to retain
the variability without it being damped (Churazov et al.
2001). In this model, the fluctuations will start in the outer-
most edges of the disk where the emissivity is low, and thus
the contribution to the observed flux will also be low. As
material moves inwards it will pass through regions where
the emissivity will rise up to a maximum close to the com-
pact object, and the infall time-scale will become shorter.
Because of this transition through the disk we can thus ex-
pect the emission from the initial fluctuations to rise quasi-
exponentially as they couple to the fluctuations generated
at smaller disk radii. At some point the initial fluctuations
will either reach the surface of the compact object or the
event horizon of the black hole, causing a sudden end to
the increase in emissivity, which in turn will result in a sud-
den drop in the emission profile. This will lead to noise-like
flaring which is rising more slowly than it is decaying at
frequencies close to the outer-disk edge viscous frequency.
A key to understanding and verifying this model further
is to go beyond the simple amplitude studies of the Fourier
transform, and to study the non-linear variability present
in the time series. The first successful attempts of this have
been: i) establishing that the lightcurves of the XRB Cyg
X-1 are not time-reversible (Timmer et al. 2000; Maccarone
& Coppi 2002), ii) that there exists a linear relation be-
tween the rms amplitude and flux of AGN, XRBs and CVs
(known as the rms-flux relation, Uttley & McHardy 2001;
Scaringi et al. 2012a; Heil et al. 2012) and iii) that there
exists coupling between the variability components on all
observable timescales for XRBs (Maccarone & Coppi 2002;
Uttley et al. 2005; Maccarone et al. 2011). Additionally, un-
der the assumption that the disk temperature increases at
smaller disk radii, the propagation model is also able to qual-
itatively reproduce the observed hard X-ray lags in XRBs
and AGN (Are´valo & Uttley 2006; Ingram & van der Klis
2013). Furthermore, if the assumption that the emissivity
of the disk increase at smaller disk radii holds, another
prediction of the propagating model is that the observed
lightcurves should be composed of flares which are rising
more slowly than they are decaying. This effect can be stud-
ied by using higher-order Fourier techniques such as the bis-
pectrum which will be addressed here.
In this Paper we try to understand the temporal non-
linear coupling observed within the time series of three CVs
observed with Kepler, and compare these to one XRB ob-
served with RXTE. The selected CVs are the two nova-like
(NL) objects MV Lyr and KIC 8751494 as well as the dwarf
nova (DN) V1504 Cyg, whilst the selected XRB is Cyg X-
1. We study the non-linear variability by using the bispec-
trum (Hasselman et al. 1963; Maccarone 2013), and the re-
lated biphase and bicoherence, as well as the time skew-
ness statistic (Priedhorsky et al. 1979). These higher-order
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Fourier statistics, as well as the time skewness, will allow
us to determine qualitatively if the shape of the noise-like
flaring observed in the lightcurves of accreting compact ob-
jects match those predicted by the propagating fluctuations
model. We provide in Section 2 an overview of both the bis-
pectrum and the time skewness, and briefly describe their
meaning and how they are calculated. In Section 3 we in-
troduce the RXTE dataset used for Cyg X-1, as well as the
Kepler dataset used for the three CVs considered in this
study, namely V1504 Cyg, MV Lyr and KIC 8751494. The
description of how we segment the various time series for
the calculation of the bispectra and time skewness are also
provided in Section 3. Section 4 presents our results on all
four objects, whilst Section 5 provides a discussion of the re-
sults, with some possible explanations. Our conclusions are
then drawn in Section 6.
2 THE BISPECTRUM
Polyspectra are higher order time series analysis techniques
analogous to the classical Fourier spectrum which take into
account more than one Fourier frequency (Tukey 1984). The
bispectrum is the first of a series of polyspectra which can be
used to understand phase correlations in single time series at
two independent Fourier frequencies. More specifically, the
bispectrum is related to two quantities in the time-domain:
the skewness of a lightcurve in time and its asymmetry in
flux. The bispectrum is defined for two frequency pairs as:
B(k, l) =
1
K
K−1∑
i=0
Xi(k)Xi(l)X
∗
i (k + l), (1)
where there are K segments of equal length to a lightcurve,
and where Xi(f) denotes the Fourier transform of the ith
segment, with the asterisk denoting its complex conjugate
(see Mendel 1991; Fackrell 1997 and references therein). It
is a complex quantity which measures the magnitude and
phase of the correlation between two independent Fourier
frequencies. Although its variance will be affected by noisy
signals, its value will be unaffected by Gaussian noise. Thus,
a large number of independent lightcurves are required in
order to produce reliable measurement of the bispectrum,
each with high signal-to noise, and more importantly with
stationary power spectra over the entire observation.
Given that the bispectrum is a complex number, it con-
sists of a real and an imaginary component. The magni-
tude of the bispectrum has already been studied in previous
astronomical lightcurves in the X-ray domain (Maccarone
& Coppi 2002; Maccarone et al. 2011). With a particular
normalization, it is referred to as the bicoherence, and is
quite similar to the cross-coherence which is used to deter-
mine whether time-lags between two energy bands (or opti-
cal filters) are constant, and/or to determine the degree of
frequency-dependent correlation in variability between two
bands. It takes a value between 0 and 1, with 1 indicat-
ing there is total coupling between two Fourier frequencies,
and 0 indicating no non-linear coupling. The most common
form of the bicoherence used in astronomy is (Kim & Powers
1979):
b2(k, l) =
|∑Xi(k)Xi(l)X∗i (k + l)|2∑ |Xi(k)Xi(l)|2∑ |Xi(k + l)|2 , (2)
where b2(k, l) is the squared bicoherence (although Hinich &
Wolinsky 2005 point out that other normalisations exist and
are more sensitive to some types of non-linear behaviour).
We note that the bicoherence can also be corrected for a bias
term related to the number of segments used to compute it,
as well as for Poisson noise (Uttley et al. 2005), but we do
not apply these corrections here. The associated error on the
bicoherence can be found in Elgar & Sebert (1989):
Var[b2(k, l)] =
(
4b2
2K
)(
1− b2)3 . (3)
The phase from Eq. 1 is called the biphase, and is de-
fined as:
βˆ(k, l) = arg[B(k, l)] (4)
in the interval −pi to pi. It contains information relating to
the skewness of the fluxes at specific Fourier frequencies as
well as whether the time series is reversible. The errors on
the biphases can also be found in Elgar & Sebert (1989) as
Var[βˆ(k, l)] =
(
1
2K
)(
1
b2
− 1
)
(5)
It is important to note that the real component of the
bispectrum describes the extent to which the flux distribu-
tion is skewed, whilst the imaginary component describes
the extent to which the time series is symmetric in time
(and thus reversible). Most accreting compact objects are
shown to display log-normal flux distributions (Uttley et al.
2005; Scaringi et al. 2012a), which are positively skewed by
definition and are a natural consequence of the propagating
fluctuations model. Thus, it is important to realise that any
case where the real component of the bispectrum is nega-
tive (or equally cases where the biphase lies between pi/2
to 3pi/2) will be particularly interesting, as it would suggest
that the flux distribution on a particular timescale would
not follow the standard log-normality.
The time-reversibility can be understood with a few
simple examples. In cases where a periodic source displays
pulses which rise more sharply than they decay (for example
fast-rise slow decay profiles or FREDs) we would obtain a
biphase of −pi/2 at the periodic frequency, whilst a biphase
of pi/2 would suggest the opposite (i.e. pulses which rise
more slowly than they decay). Phases of 0 and pi on the
other hand suggest symmetric, and thus reversible, pulses
(see Maccarone 2013 for more illustrative examples). The
biphase can also be used to study noise-like, rather than pe-
riodic signals, as will be done here. The interpretation of the
biphase angle will be the same, however rather than look-
ing at periodic pulses, the biphase of a noise-like signal will
describe the shape of the lightcurve across a broad range of
frequencies.
The asymmetry in lightcurves can also be analysed in
the time-domain rather than the frequency-domain using
the time skewness statistic, which is similar but not identi-
cal to the biphase as it considers only a single characteristic
time-scale. The time-skewness was developed and applied
for the first time by Priedhorsky et al. (1979). It has been
slightly modified and applied to RXTE lightcurves of XRBs
by Maccarone & Coppi (2002), who obtained the first evi-
dence for asymmetry in XRB time series using this statistic.
© 2014 RAS, MNRAS 000, 1–??
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It is defined as:
TS(τ) =
1
σ3
1
K
K−1∑
i=0
(s(t)− s¯)2(s(t− τ)− s¯)
−(s(t)− s¯)(s(t− τ)− s¯)2
(6)
where τ is defined to be u times the time bin size, si is
the count rate in the ith element of the lightcurve, and σ
the standard deviation of the whole lightcurve. In a simi-
lar manner to the biphase, a negative time skewness on a
specific timescale would suggest that the noise-like features
in lightcurve are best described as rising more sharply than
the fall, and viceversa for positive time skewness.
3 OBSERVATIONS AND DATA REDUCTION
Here we will describe the data used in this work as well as
the data analysis procedures adopted. We will first describe
the RXTE data analysis procedures for the XRB Cyg X-1
and then describe those of the three CVs with data obtained
from Kepler. This study is mostly concerned with the high-
frequency variability found in these objects. This is mainly
because i) the PSDs are most stationary at high frequen-
cies and ii) studying the high frequency variability allows
to segment the time series more finely, thus providing more
segments for averaging and resulting in smaller errors on the
bispectral analysis.
3.1 Cyg X-1
The XRB studied in this work is Cyg X-1 during a hard
state. The data for Cyg X-1 is the same as that used in Mac-
carone et al. (2000) and Maccarone & Coppi (2002), and is
taken from the RXTE proposal 30158, which includes pho-
tons detected across the full RXTE energy range. This con-
sists of 12 observations made in December of 1997. We use
Standard 1 standard products light curves from HEASARC1
for these data sets, giving us the full range of RXTE energies
with 0.125 second time resolution. A total of 37171 seconds
of data are used. We have chosen to probe the high frequency
variability above ≈ 10−1Hz, and we thus segment the time
series into 2951 equal length segments, each of 12.5 seconds
long. We computed the PSD of each segment individually,
and averaged all to obtain the time averaged rms normalised
PSD (in units of (rms/mean)2/Hz, see Miyamoto et al. 1991;
Belloni et al. 2002). We further computed the time skewness
for each segment individually, and averaged all to obtain the
time averaged TS, whilst the errors were obtained from the
rms variations of the individual measurements used. Finally
we also computed the bispectrum and related biphase and
bicoherence as described in Section 2.
3.2 CVs
All lightcurves of CVs used in this work have been obtained
by the Kepler satellite. Since we are interested in comparing
the biphases of the high frequency variability we only study
sources which have short cadence (SC, 58.8 seconds) data
1 http://heasarc.gsfc.nasa.gov/
Name Quarters Total time (days)
KIC 8751494 2,3,5,16 220.4
MV Lyr 14-17 273.2
V1504 Cyg 2-14 809.5
Table 1. Log of Kepler data for the 3 CVs studied in this work.
For KIC 8751494 the whole available Kepler SC data has been
used. Although MV Lyr has been observed in SC mode through-
out quarters 2-17, this work only considers data between quarters
14-17 (56107− 56424 JD). Furthermore, the total time listed for
V1504 Cyg is only the time used in this work after the removal
of the normal- and super-outbursts.
available. All lightcurves were obtained from the Mikulski
Archive for Space Telescopes (MAST) in reduced and cal-
ibrated format after being run through the standard data
reduction pipeline (Jenkins et al. 2010). Only Single Aper-
ture Photometry (SAP) is considered here.
We identified 10 CVs observed in SC mode by Kepler.
Only three of these, however, have high enough signal-to-
noise ratios to not be dominated by Poisson noise at the
highest observable frequencies. The systems selected are the
two nova-like variables KIC 8751494 and MV Lyr as well as
the dwarf nova V1504 Cygnus. Table 1 shows a log of the
available Kepler data for these sources. All three sources
have already been subject to previous studies with Kepler
data (Kato & Maehara 2013; Scaringi et al. 2012a,2012b;
Scaringi 2014; Cannizzo et al. 2012).
It is important that the PSDs of all three objects are
stationary during the observations (Vaughan et al. 2003)
to obtain reliable measurements for both the bispectrum
and the time skewness. Because the lightcurve of V1504
Cyg contains many normal and super-outbursts (Cannizzo
et al. 2012) we cannot simply use the whole dataset, but
instead use only the quiescent intervals for this study in
order to maintain stationarity throughout the observation.
We have adopted a conservative method to only select qui-
escent intervals in the Kepler lightcurve of V1504 Cyg using
a combination of gradient changes within the lightcurve, to-
gether with visual inspection to remove all outbursts. For
MV Lyr a previous study has shown that the PSD is in
fact quasi-stationary at frequencies above ≈ 5 × 10−4Hz
(Scaringi et al. 2012b). We have employed a conservative
cut, and only select data in between 56107− 56424 JD (see
Fig. 1 of Scaringi 2014), where the lightcurve of MV Lyr
is also stationary at frequencies below 5 × 10−4Hz. On the
other hand KIC 8751494 does not display any sudden flux
changes, and we thus use all available Kepler data for this
source. We checked for PSD stationarity in all three sources
by looking at the PSDs obtained from small Kepler data seg-
ments to ensure the shape of the PSDs are always consistent
within errors.
For all 3 CVs we decided to probe the high frequency
variability above 10−4Hz, which ensures no contamination
from the orbital or superhump signals in these systems. We
thus segmented all lightcurves into 100 minute long seg-
ments. After avoiding any data gaps in the lightcurves2,
this resulted in 3122, 3857 and 11210 segments for KIC
2 Data gaps occasionally occur due to Kepler entering anomalous
safe modes. Additionally data gaps in V1504 Cyg occur due to
the removal of outbursts.
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8751494, MV Lyr and V1504 Cyg respectively. We then
computed the PSD for each segment individually and av-
eraged all PSD to obtain the averaged rms-normalised PSD
(Miyamoto et al. 1991; Belloni et al. 2002). Additionally for
each source we computed the bispectrum, bicoherence and
biphase, together with the associated errors. We also com-
puted the time skewness, TS, for each segment individually,
and averaged all to obtain the mean TS. The errors on TS
were obtained from the rms variations of the individual mea-
surements used in the averaging, and may be overestimated
if there exists intrinsic variations in the time skewness.
4 RESULTS
Since the biphase and the bicoherence are a function of
two independent Fourier frequencies, it is natural to display
three-dimensional plots, or two-dimensional contour plots.
However, we find from inspection that the three-dimensional
landscape for both do not show any individual peaks, but
rather smooth trends. For clarity and display purposes, we
have averaged the biphase and bicoherence for each source
along constant frequency diagonals (f(k) +f(l) =constant),
such that the biphase/bicoherence matrices are collapsed
into one dimension. The errors on both have then been com-
puted through standard error propagation. Furthermore, all
plots except for the time skewness have been geometrically
binned in frequency with a 1.05 binning factor. Our results
for the PSDs, biphases, time skewness and bicoherence are
shown in Fig. 1. Each column in Fig. 1 shows the results
for each source individually. Note that the frequency range
probed is the same for all CVs, but is ≈ 3 orders of mag-
nitude higher for the XRB Cyg X-1. Although the time-
skewness has been calculated in the time domain, we plot
our results in units of 1/time in order to allow easy compar-
ison with the other plots.
The first thing to note from Fig. 1 are the shapes and
frequency ranges of the PSDs. The obtained PSD for Cyg
X-1 is consistent with the hard state PSD obtained in previ-
ous studies (Pottschmidt et al. 2003; Gleissner et al. 2004).
Also, the PSD of MV Lyr is consistent with previous Kepler
studies for this object (Scaringi et al. 2012a,2012b; Scaringi
2014). On the other hand we display the PSDs of V1504
Cyg and KIC 8751494 for the first time here. Qualitatively
speaking, KIC 8751494 has a very similar PSD shape to MV
Lyr, with a similar break frequency at ≈ 10−3Hz. Closer in-
spection of KIC 8751494 however reveals a second break at
≈ 3 × 10−3Hz, which will be examined in more detail in a
future paper with respect to the fluctuating accretion disk
model as has already been done for MV Lyr (Scaringi 2014).
The DN V1504 Cyg on the other hand has a very different
PSD shape when compared to the NLs MV Lyr and KIC
8751494, with a high frequency break at ≈ 5× 10−3Hz and
a lower break at frequencies below ≈ 10−4Hz. NL CVs are
thought to be in a state somewhat comparable to the hard
state of XRBs, where they posses an optically thin (Pratt
et al. 2004), possibly extended (Scaringi 2014), boundary
layer. This distinction might well be the reason why the
PSDs of the NL shown in Fig. 1 resemble the PSD of Cyg
X-1 in the hard state, and why the DN V1504 Cyg displays
a qualitatively different PSD shape. Thus the distinction
between the two different types of PSDs can potentially be
attributed to the different nature of the sources (DN vs. NL),
however a detailed comparison and interpretation is beyond
the scope of this paper.
The biphases for all sources are shown in the second row
of Fig. 1. All obtained biphases at all frequencies are below
pi/2 in amplitude, suggesting that the flux distributions are
positively skewed on all observed frequencies. Furthermore,
the biphases of all CVs display a decline at frequencies be-
low ≈ 10−3Hz, whilst Cyg X-1 shows a decline at frequen-
cies below 1Hz, followed by a biphase “flip” at the lowest
frequencies. All four sources do, however display the same
qualitative behaviour, where the biphases commence a de-
cline at frequencies below the high frequency break seen in
the PSDs. The same qualitative behaviour can also be ob-
served in the time skewness plots shown in the third row of
Fig. 1, where the time skewness is seen to drop and reach
a minimum at the point where the corresponding PSDs
show a decline in power below the high frequency break.
The only source where this qualitative behaviour is poten-
tially ambiguous is the DN V1504 Cyg, where the PSD does
not allow us to determine where exactly the high frequency
broad Lorentzian component begins to lose power at low fre-
quencies. Nevertheless, all other systems display a biphase
and time skewness decrease at the point where the high fre-
quency Lorentzian begins to lose power; it is also possible
that this is happening in V1504 Cyg, but that we cannot
observe this in the PSD. If this were the case, the biphase
would allow us to place tighter constraints on the width of
the high frequency broad Lorentzian observed, even when
this component is overpowered by lower frequency ones.
It is not easy to understand how the biphases and time
skewness plots relate to the noise-like variability observed
in the lightcurves. However, taking insight from the biphase
study of periodic modulations of Maccarone (2013), we can
deduce that the shape of the noise-like variability is changing
as a function of frequency. Specifically from Fig. 1, we see
that for all four sources, the noise-like flaring will be rising
more slowly than it is decaying at frequencies where their
respective PSDs break at high frequencies. This qualitative
behaviour then starts to reverse at the lowest frequencies,
such that the flare shapes become either more symmetric, or
tend to display flares which rise faster than they decay. This
qualitative behaviour will be further discussed in Section 5.
Finally, the bicoherence for all sources is shown in the
fourth row of Fig. 1. All sources have non-zero bicoherence,
which indicates that there exists non-linear coupling be-
tween all timescales probed. This in turn supports the idea
that the variability is produced within the accretion disk,
and that the accretion-induced variability is coupled mul-
tiplicativley as described by the fluctuating accretion disk
model. We note that the bicoherence results for Cyg X-1
display somewhat larger values than those reported in Mac-
carone & Coppi (2002) and Uttley et al. (2005). This is
because the data segments used here are shorter than those
used previously, which affect the absolute bicoherence nor-
malisation (Hinich & Wolinsky 2005). Increasing the time
segments to match those used previously would make our
results consistent with previous studies.
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Figure 1. Results from our Fourier, bispectral and time skewness analysis. From left to right each column displays the results for Cyg
X-1, V1504 Cyg, KIC 8751494 and MV Lyr respectively. In each row from top to bottom are the respective rms-normalised PSD (Poisson
noise not subtracted), biphase, time skewness and bicoherence. Although the time skewness is calculated in the time domain, here we
plot it in units of 1/time in order to allow easy comparison with the other plots. We note that the biphase and bicoherence have summed
frequencies on the x-axis, as described in 4.
5 DISCUSSION
The biphase and time skewness of both XRBs and CVs
appear to display the same qualitative behaviour at fre-
quencies around where their respective PSDs display high-
frequency breaks. Firstly, all biphase amplitudes are found
to be smaller than pi/2 on all timescales studied here. This
implies asymmetric flux distributions which are positively
skewed, with long tails at high fluxes, consistent with the
log-normal flux distributions observed in a number of ac-
creting compact objects (Uttley & McHardy 2001; Uttley
et al. 2005; Scaringi et al. 2012a), and consistent with the
fluctuating accretion disk model (Are´valo & Uttley 2006).
Secondly, all objects display positive biphases at frequencies
where their corresponding PSDs break at high frequencies,
suggesting that the noise-like flaring observed is rising more
slowly than it is decaying. These observations are consistent
with the fluctuating accretion disk model with an increas-
ing emissivity towards smaller disk radii. This is caused by
the outer-most generated fluctuations in the disk travelling
through regions of higher emissivity and faster infall time-
scales up to the surface or event horizon of the compact
object, where the emissivity suddenly drops. We also note
that the underlying variability process still needs to be in-
trinsically non-linear before modification by the emissivity,
for the model to produce non-zero bicoherence and hence
a biphase. Thirdly, the biphases of all four objects studied
here display a distinct biphase decrease at frequencies be-
low the high-frequency break in their respective PSDs. As
far as we are aware of there is no immediate explanation
for the observed biphase decreases. However we note once
again that this decrease occurs where the aperiodic variabil-
ity begins to lose power at low frequencies (or flattens), and
might in fact suggest similar physical changes are occurring
at these specific frequencies in both XRBs and CVs.
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One way to explain this is in terms of the accretion
disk geometry and state. Up until now, the standard fluc-
tuating accretion disk model has been successful in re-
producing the high frequency aperiodic variability in ac-
creting compact objects, including qualitatively predict-
ing the rms-flux relation, Fourier-dependent hard lags, as
well as the location and shape of the high-frequency broad
Lorentzian component. However, it has not yet been success-
fully applied to the very low frequency variability, including
the very low frequency broad QPO(s) observed in several
XRBs (< 10−1Hz, Pottschmidt et al. 2003), as well as CVs
(Scaringi et al. 2012b). It could well be that the various
broad low-frequency QPOs are being generated at differ-
ent locations in the accretion disk, and that the disk itself
might exhibit different geometries/states simultaneously at
different radii. This scenario is not new, and has often been
invoked to explain state changes in XRBs, where the in-
terplay between a geometrically thin (optically thick) and
a geometrically thick (optically thin) disk at different radii
are responsible for the X-ray spectral changes during the
outbursts (Done et al. 2007).
More specifically, the properties of the fluctuating accre-
tion disk model can only reproduce the geometrically thick
inner disk, which is responsible for the high frequency broad
Lorentzian component observed in CVs and XRBs (Ingram
& Done 2010, 2011, 2012; Scaringi 2014). Although from
the model the high frequency break strongly depends on
the emissivity index (but to a lesser extent on the viscous
timescale at the inner-most edge of the disk and the mass
of the central compact object), the low frequency turnover
of the broad high-frequency Lorentzian can be shown to be
insensitive to all model parameters except for the viscous
timescale at the outer, geometrically thick, disk edge. For
XRBs the outer-edge of this component is inferred to be
≈ 25Rg during bright hard states (where Rg is the gravita-
tional radius, see Ingram & Done 2012; Ingram & van der
Klis 2013; Uttley et al. 2011), whilst from the modelling of
one CV (MV Lyr, Scaringi 2014) this radius is inferred to
be ≈ 0.1R.
In the case of Cyg X-1, V1504 Cyg and KIC 8751494,
the biphases are positive at frequencies close to the PSD
break, which is consistent with the general propagating
model picture. Only at frequencies below the break do the
biphases start to decrease, and this is also where the current
model breaks down. Thus it is possible that the biphases be-
low the PSD break frequency are related to the termination
of the the inner geometrically thick disk, and the start of
the disk which is dominated by the geometrically thin com-
ponent. One other possible explanation could be related to
the boundary conditions at the outer-edge of the inner disk.
Because, mass transfer is thought to be constant in the outer
geometrically thin disk, it is possible that, at the transition
to the geometrically thick disc, an increase in mass transfer
(and thus flux) would be followed by a “waiting time” before
the mass transfer can become large again due to a reservoir
effect. MV Lyr is the only object where the biphases are
close to 0 close to the PSD peak, and this could suggest
a potential problem with the propagating model applied to
this source. We note, however that the same decrease in
biphases, as seen in other sources, is observed in MV Lyr as
in the other sources, and also occurs at frequencies where
its corresponding PSD begins to lose power. Thus qualita-
tively, MV Lyr also seems to follow the same trend as the
other sources.
It is clear from the above that detailed modelling of the
low frequency variability is required in order to be able to ex-
plain all variability properties in a consistent manner. Such
modelling is beyond the scope of this paper, but we expect
that any attempt would have to include the contribution of
the geometrically thin outer disk, which up until now has
been somewhat neglected in the propagating fluctuations
model. The addition of this component might help explain
the observed biphase trends presented here, and might also
help explain both the soft X-ray lags observed in XRBs and
AGN (Uttley et al. 2011; De Marco et al. 2012), as well as
the soft optical lags observed in CVs (Scaringi et al. 2013).
In XRBs and AGN the soft lags are simply interpreted as
the light-travel time form the hard X-ray emitting corona
onto the soft X-ray emitting disk. This is also supported by
X-ray observations of the broad iron L line emission lagging
the X-ray continuum (Zoghbi et al. 2010; Kara et al. 2013).
For CVs however the observed time-lags are too long to be
explained solely by this mechanism, and an additional repro-
cessing timescale must be included for this model to work.
The disk in CVs could potentially absorb the high energy
photons originating from the inner geometrically thick disk,
and reprocess them on the thermal timescale. As long as
the thermal timescale is shorter than the observed aperiodic
variability, the fluctuations produced in the geometrically
thick disk will not be damped during reprocessing, and will
modulate the optical bands as well.
Finally we point out that this study has been based
on only one XRB and only three CVS (two NLs and one
DN). More systems are therefore required (including more of
those studied here but also AGN and NS accretors which will
be the subject of a future paper in preparation) to provide
a more general picture of the phenomenological bispectral
properties of accreting compact objects. If the biphases were
found to consistently drop at frequencies corresponding to
where the PSDs would lose power below the high frequency
breaks, then this could be providing further evidence for a
universal model to explain aperiodic variability across all
compact accretors. In particular, the biphase statistic might
have the potential to disentangle the geometrically thick-to-
thin transition region of the accretion disk, an understanding
of which is important for QPO timescales
6 CONCLUSION
We have compared the non-linear, high-frequency, aperiodic
variability of the three CVs MV Lyr, KIC 8751495 and
V1504 Cyg observed with Kepler, and the XRB Cyg X-1
observed with RXTE. This comparison has been done using
the higher order Fourier bispectrum and its related biphase
and bicoherence, as well as the time-domain time-skewness
statistic. We find that the PSD shapes of the two NL CVs
MV Lyr and KIC 8751495 are qualitatively similar to the
hard state PSD of Cyg X-1, all displaying a high frequency
broad Lorentzian component breaking at ≈ 10−3Hz in the
CVs and at ≈ 5× 10−1Hz in Cyg X-1. The PSD of the DN
V1504 Cyg (exclusively obtained during its quiescent inter-
vals) on the other hand displays two district breaks, one be-
low 10−4Hz and one at 4× 10−3Hz. The difference between
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the PSDs of the two NL and the DN might be attributed
to the different states of these objects, but a detailed com-
parison and modelling is beyond the scope of this paper. We
further establish that all biphases at all frequencies observed
are smaller than pi/2, which suggests that the flux distribu-
tions are positively skewed on all frequencies, consistent with
previous observations (Uttley & McHardy 2001; Uttley et al.
2005; Scaringi et al. 2012a), as well as with the fluctuating
propagation disk model (Are´valo & Uttley 2006). Addition-
ally, the biphases of all objects, except MV Lyr, display pos-
itive values at frequencies where their respective PSDs break
at high frequencies, suggesting that the noise-like flaring ob-
served is rising more slowly than it is decaying. This is also
consistent with the fluctuating accretion disk model, where
the outer-most generated fluctuations in the disk are trav-
elling through regions of higher emissivity and faster infall
time-scales as they move inwards, up to the surface or event
horizon of the compact object where the emissivity suddenly
drops. Finally, and more importantly, all objects are shown
to display very similar qualitative trends in their biphases,
with a distinct biphase decrease at the point where their
respective PSDs begin to lose power at frequencies below
the high frequency break, which can also be observed in
their respective time-skewness plots. The only source where
this qualitative behaviour is potentially ambiguous is the
DN V1504 Cyg, as the PSD does not allow us to determine
where exactly the high frequency broad Lorentzian begins
to lose power at low frequencies. As far as we are aware,
there is no immediate explanation for the observed biphase
decreases. One potential explanation for this could be re-
lated to the accretion disk geometry and state, where the
biphase decrease marks the outer-edge of the inner geomet-
rically thick accretion disk, and possibly the transition to
the outer geometrically thin disk. It could also be that the
biphase decrease observed at low frequencies is related to
the boundary conditions at the outer-edge of the inner disk,
where the mass transfer at the inner disk outer-edge is fol-
lowed by a “waiting time” as a consequence of a reservoir
effect.
The current propagating fluctuations model is only able
to reproduce the high frequency variability observed in ac-
creting compact objects with a geometrically thick inner
hot flow, and the biphase decreases observed here could
potentially suggest that this model begins to break down
at frequencies below the peak of the high frequency broad
Lorentzian component. It is clear that any real attempt at
interpreting the non-linear Fourier behaviour observed here
will require detailed modelling of the accretion flow, but we
do note that any modelling attempt would require the inclu-
sion of the geometrically thin-to-thick transition in order to
explain the observations self-consistently. Finally, the quali-
tative non-linear Fourier similarities between CVs and XRBs
presented here, together with their qualitatively similar PSD
shapes and Fourier-dependent time-lags, suggest that a sim-
ilar physical mechanism generating the broad-band variabil-
ity is at play across all accreting compact objects, irrespec-
tive of their mass, size or type. Thus, any plausible physical
model seeking to explain this variability will have to explain
the observations across all types of accreting compact ob-
jects.
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